Zhang TC, Janik JJ, Grill WM. Modeling effects of spinal cord stimulation on wide-dynamic range dorsal horn neurons: influence of stimulation frequency and GABAergic inhibition. J Neurophysiol 112: 552-567, 2014. First published April 30, 2014 doi:10.1152/jn.00254.2014.-Spinal cord stimulation (SCS) is a clinical therapy for chronic, neuropathic pain, but an incomplete understanding of the mechanisms underlying SCS contributes to the lack of improvement in SCS efficacy over time. To study the mechanisms underlying SCS, we constructed a biophysically based network model of the dorsal horn circuit consisting of interconnected dorsal horn interneurons and a wide-dynamic range (WDR) projection neuron and representations of both local and surround receptive field inhibition. We validated the network model by reproducing cellular and network responses relevant to pain processing including wind-up, A fibermediated inhibition, and surround receptive field inhibition. We then simulated the effects of SCS on the activity of the WDR projection neuron and found that the response of the model WDR neuron to SCS depends on the SCS frequency; SCS frequencies of 30 -100 Hz maximally inhibited the model WDR neuron, while frequencies under 30 Hz and over 100 Hz excited the model WDR neuron. We also studied the impacts on the effects of SCS of loss of inhibition due to the loss of either GABA or KCC2 function. Reducing the influence of local and surround GABAergic interneurons by weakening their inputs or their connections to the WDR neuron and shifting the anionic reversal potential of the WDR neurons upward each reduced the range of optimal SCS frequencies and changed the frequency at which SCS had a maximal effect. The results of this study provide insights into the mechanisms of SCS and pave the way for improved SCS parameter selection.
SPINAL CORD STIMULATION (SCS) is a therapy for chronic, neuropathic pain in which epidurally implanted electrodes stimulate primary afferent (A␤) collaterals in the dorsal columns. Although more than 30,000 new patients receive SCS every year, the success rate, defined as the proportion of patients receiving 50% or greater pain relief, is on average 60% (North et al. 1993; Taylor et al. 2013) , varies widely across studies and pain etiologies (18 -100%), and declines over treatment time (Kumar et al. 2007; Taylor et al. 2013) . Despite advances in technology and surgical techniques, success rates have plateaued and significant opportunities remain to improve clinical efficacy (Cameron 2004; North et al. 1993; Taylor et al. 2013 ).
An incomplete understanding of the mechanisms underlying pain relief by SCS contributes to the plateau in efficacy. The gate control theory provides a putative mechanism of action for SCS: stimulating myelinated A␤-fiber collaterals in the dorsal columns activates inhibitory interneurons in the dorsal horn that suppress the transmission of nociceptive information from wide-dynamic range (WDR) spinal projection neurons to the brain (Melzack and Wall 1965) . However, the gate control theory does not account for disruption of the excitatory-inhibitory balance in the dorsal horn network due to disinhibition (Moore et al. 2002) or central sensitization (von Hehn et al. 2012 ) that occurs during the course of neuropathic pain. In addition, the single receptive field depicted by the gate control theory does not explain why applying A␤-fiber threshold tactile or electrical stimulation directly to the receptive field corresponding to the source of pain produces allodynia (Campbell and Meyer 2006) while SCS that produces paresthesia over the region including and surrounding the site of pain may provide pain relief. This latter observation implies that SCS affects afferents from both local and surrounding receptive fields (Shealy et al. 1972) , a prediction also supported by prior studies of the effect of SCS on dorsal horn neurons (Foreman et al. 1976; Hillman and Wall 1969) , but more recent studies and models have not examined the role of surround inhibition in the efficacy of SCS.
Additionally, the gate control theory does not explain the narrow range of stimulation frequencies (50 -80 Hz) considered optimal for clinical SCS (Oakley and Prager 2002) , as the gate control theory predicts that higher frequencies of A-fiber stimulation should result in greater inhibition of dorsal horn projection neurons (Chung et al. 1984a (Chung et al. , 1984b Duggan and Foong 1985) . Earlier acute recordings from WDR projection neurons during SCS in animal models used frequencies (1-10 Hz) below the clinical range (Foreman et al. 1976; Hillman and Wall 1969) , and later studies on the behavioral and neuronal effects of SCS in neuropathic animal models employed only the "clinical baseline" of 50 Hz (Cui et al. , 1998 Yakhnitsa et al. 1999 ). An assessment of the relationship between SCS frequency and efficacy in neuropathic rats did show that SCS applied at 4 Hz and 60 Hz was more effective in alleviating hyperalgesia than SCS applied at 100 Hz and 250 Hz (Maeda et al. 2008) , but this study did not link behavioral correlates of pain relief to neuronal activity. In contrast to these experiments, a large range of clinical stimulation frequencies between 2 and 200 Hz have been cited (North et al. 1993) , with 50 -80 Hz being the most commonly used but anecdotally reported range (Kumar et al. 2007 ) and a general minimum of 25 Hz (Oakley and Prager 2002) .
Most importantly, the network architecture proposed by the gate control theory that putatively drives the effects of SCS is largely untested beyond phenomenological reports of potentiation to repetitive C-fiber stimulation ("wind-up") (Herrero et al. 2000) and A fiber-mediated inhibition (Woolf and Wall 1982) in dorsal horn neurons. Biophysical computational models of neural circuits can be used to test theories and validate networks, but prior models of the dorsal horn are limited to general frameworks for the possible arrangement of excitatory and inhibitory nodes in the dorsal horn (Hillman and Wall 1969; Melzack and Wall 1965) , mathematical functions relating dorsal horn output to afferent inputs , or biophysical models of individual neurons. Recent network models (Aguiar et al. 2010; Le Franc and Le Masson 2010) are capable of reproducing wind-up but do not include inhibitory influences on the output projection neuron as depicted by the gate control theory and as required to model A fiber-mediated inhibition and SCS.
We developed a comprehensive biophysical network model to simulate the effects of SCS on WDR projection neuron activity. We compared the properties of our network model to data from independent cellular and network studies on dorsal horn neurons and studied the effects of SCS applied at different frequencies on model WDR projection neuron activity (Aguiar et al. 2010; Melnick et al. 2004b ). Our results provide insight into the mechanisms underlying SCS and quantify the effects of changes in dorsal horn inhibitory mechanisms on SCS. Our model is limited to segmental spinal mechanisms of conventional SCS and does not account for supraspinal or descending mechanisms that contribute to SCS-mediated pain relief (Song et al. 2011) or novel kilohertz-frequency SCS (Al-Kaisy et al. 2014) . Some preliminary results were reported in abstract form and in conference proceedings (Zhang et al. 2013 ).
MATERIALS AND METHODS
We developed a computational network model of the dorsal horn circuit by connecting biophysically based compartmental models of dorsal horn neurons via representations of excitatory and inhibitory synapses using a network architecture based on existing schemes of dorsal horn nociceptive processing (Aguiar et al. 2010; Melzack and Wall 1965) (Fig. 1) . Membrane dynamics of the individual neurons and synaptic properties were based on experimental measurements where available, and the strengths of synaptic connections were tuned to generate realistic electrophysiological responses to stimulation of primary afferent and dorsal column fibers. All simulations were conducted in the NEURON v.7.2 simulation environment (Hines and Carnevale 1997) with a time step of 0.0125 ms and second-order implicit Crank-Nicholson integration. Individuals interested in reproducing the results of this study or using these models in their own work are encouraged to contact us for the appropriate NEURON files and instruction on their use.
Model neuron geometry. The computational model comprised cable models of inhibitory (IN) interneurons, an excitatory (EX) interneuron, and a WDR projection neuron, each with electrical characteristics based on patch-clamp recordings from substantia gelatinosa and deeper dorsal horn neurons (Aguiar et al. 2010; Melnick et al. 2004b; Prescott and De Koninck 2005; Ruscheweyh and Sandkühler 2002) (Fig. 1, Fig. 2 ). Each model neuron consisted of four interconnected single compartments representing the dendrites, soma, axon initial segment, and axon. Dimensions of the tonic and delayedfiring EX and WDR interneurons were as follows: the dendrite was a cylinder 400 m in length and 2.5 m in diameter; the soma was a sphere 20 m in diameter; the axon hillock was a cone that decreased in diameter from 2 to 1 m over a length of 9 m; and the axon was a cylinder 1 m in diameter and 1,000 m long (Aguiar et al. 2010) . Dimensions of the transient EX interneuron and the tonic IN interneuron were as follows: the dendrite was a cylinder 1,371 m in length and 1.4 m long; the soma was a sphere 10 m in diameter; and the axon hillock was a cone that decreased in diameter from 1 to 0.5 m over a length of 30 m (Melnick et al. 2004a (Melnick et al. , 2004b .
Neuron and synapse biophysics. Hodgkin-Huxley-like membrane models were implemented to represent ionic currents at each compartment in each neuron. For the tonic EX interneuron, IN interneuron, and WDR projection neuron, parameters were set according to previously published values and such that neurons exhibited tonic firing during step depolarization (Fig. 2 , B and C) (Aguiar et al. 2010; Melnick et al. 2004b; De Koninck 2002, 2005) . Several additional changes were made to match more closely data from dorsal horn neurons. First, a delayed-rectifier K ϩ current was added to the dendrites (g K ϭ 0.036 S/cm 2 ) and soma (g K ϭ 0.0011 S/cm 2 ) of the tonic EX and WDR neurons to reflect the locations of K ϩ channels on interneurons, an excitatory (EX) interneuron, and a wide-dynamic range (WDR) projection neuron in the dorsal horn. A␤ fibers originating from the surrounding receptive field were distinct from those originating from the local receptive field, and the surrounding receptive field (thin lines/circles) projected to a distinct IN neuron. Spinal cord stimulation (SCS) is represented as a constant-frequency spike train delivered through the "dorsal columns/ SCS" input, and the average firing rate of the WDR neuron was taken as the model output. B: synaptic connections onto each type of neuron in the model. Both the "local" and "surround" IN neurons receive AMPA synapse inputs from their respective A␤-fiber inputs and send inhibitory connections to the EX and WDR neurons.
spinal neurons (Wolff et al. 1998) , and the length of the axon hillock of the WDR neuron was increased from 3 m to 9 m to facilitate action potential initiation at the axon hillock and to match model frequency-current (f-I) relationships to experimental data ( Fig. 2 ) (Safronov et al. 1997; Wolff et al. 1998 ). In addition, conductances corresponding to fast Na ϩ channels were removed from the soma of all neurons because this conductance is apparently not present in the cell bodies of neurons in the substantia gelatinosa; the increased total hillock Na ϩ conductance due to the increase in hillock size compensated for the removal of somatic Na ϩ conductance in the tonic EX and WDR neurons (Safronov et al. 1997) . Finally, Ca 2ϩ -dependent ionic conductances required for "wind-up" were preserved from a previous model of the WDR projection neuron (Aguiar et al. 2010 ), but conductances for all Ca 2ϩ and persistent Na ϩ currents were reduced by 5% to reproduce better the progression of wind-up during 1-Hz C-fiber threshold peripheral stimulation (Herrero et al. 2000; Schouenborg and Sjolund 1983) . Dorsal horn interneurons, in particular lamina II excitatory interneurons that receive C-fiber inputs, exhibit transient and delayed firing characteristics as well as tonic firing (Ruscheweyh and Sandkühler 2002; Yasaka et al. 2010) . To implement a transiently firing interneuron, the hillock Na ϩ conductance of the tonic interneuron was decreased to 0.73 S/cm 2 (Melnick et al. 2004a ). To implement a delayed-firing interneuron, a voltage-dependent potassium A current (I KA ) modified from a model of I KA in a spinal motoneuron (Safronov et al. 2000) was introduced to the dendrite (g KA , dend ϭ 0.0025 S/cm 2 ), soma (g KA,soma ϭ 0.015 S/cm 2 ), and axon hillock (g KA,hillock ϭ 0.3 S/cm 2 ) of the tonic interneuron (Fig. 2D ). Activating and inactivating Firing characteristics of isolated model neurons are compared to experimental data and shown to be realistic. A: frequency-current (f-I) relationships between the amplitude of a 1-s-duration current pulse and the number of action potentials fired by the corresponding neuron. The gray shaded area denotes the range of firing rates in dorsal horn neurons as reported by Melnick et al. (2004b) and Ruscheweyh and Sandkühler (2002) . B and C: IN (B) and EX (C) neurons exhibit tonic firing that increases in rate with increasing amplitudes of applied current. The IN neuron also exhibits amplitude adaptation at stimulation intensities Ն130 pA. D: gating variable and firing behavior of delayed-firing neuron (DFN) compared with data from delayed-firing neurons in Ruscheweyh and Sandkühler (2002) . E: transient-firing EX interneuron (TN) behavior compared to representative neuron and experimental range from Melnick et al. (2004a) F: tonic firing in the WDR neuron when held at a Ϫ65-mV resting potential and subjected to constant current injection. Consistent with Morisset and Nagy (1999) , the model neuron exhibits prolonged afterdischarge following the cessation of the current injection when held at a more depolarized resting potential (Ϫ62 mV).
gating variables n and h and their respective rate constants (␣ n , ␣ h , ␤ n , ␤ h ) are described as functions of temperature (T) in degrees Celsius, membrane potential (V m ) in millivolts, and the potassium reversal potential (E k ) of Ϫ84 mV in Eqs. 1-5 (Ruscheweyh and Sandkühler 2002; Yasaka et al. 2010) . In addition, the hillock fast Na ϩ conductance was reduced to 1.73 S/cm 2 and the delayed-rectifier K ϩ conductances were increased to 0.144 S/cm 2 in the dendrite, 0.0043 S/cm 2 in the soma, and 0.304 S/cm 2 in the axon hillock to make the excitability consistent with experimental data. These changes were incorporated into the original tonic EX interneuron because blockade of K A with 4-aminopyridine in delayed-firing neurons restores tonic firing behavior (Ruscheweyh and Sandkühler 2002) .
Postsynaptic currents generated by synaptic inputs (I syn ) were modeled as functions of synaptic conductance (g syn ), synaptic reversal potential (E syn ), and time (t) after a presynaptic event (t spike ) with rise ( 1 ) and decay ( 2 ) time constants from published values for AMPA, NMDA, GABAa, and glycine synapses (Aguiar et al. 2010; Destexhe et al. 1998 ) (Eqs. 6-8; Table 1) :
Although the NK1 receptor is metabotropic, the response to NK1 receptor activation was modeled as a slow alpha function to account for the net effects of NK1 receptor activation on intracellular Ca 2ϩ concentration, consistent with an earlier model of wind-up (Aguiar et al. 2010) . The properties of individual synapses were largely preserved from prior models (Aguiar et al. 2010; Destexhe et al. 1998 ), but the reversal potential of the GABAa synapse was changed from Ϫ80 mV to Ϫ70 mV except when noted, to be consistent with patch-clamp recordings of GABAergic responses in dorsal horn neurons (Lu and Perl 2003) . In addition, a glycinergic synapse was implemented and included in the connection from the local IN neuron to the WDR neuron, as GABAa and glycine receptors often colocalize in the superficial and deep dorsal horn (Todd 2010) . Network architecture. The architecture of the model (Fig. 1A ) was based on the gate control theory and an existing network model capable of reproducing wind-up (Aguiar et al. 2010; Melzack and Wall 1965) . Peripheral inputs from 15 A␤ fibers, 15 A␦ fibers, and 30 C fibers represented spatiotemporal dispersion of the afferent inputs. A sensitivity analysis indicated that increasing the number of primary afferent inputs did not affect the A and C fiber-evoked responses of the model neurons as long as the total input conductances were kept constant. The local IN interneuron received excitatory inputs from A␤ fibers via AMPA synapses, the EX interneuron received excitatory inputs from C fibers via AMPA, NMDA, and NK1 synapses, and the WDR neuron received convergent AMPA and NMDA inputs from A␤ fibers and A␦ fibers, NK1 inputs from C fibers, and GABAergic and glycinergic inputs from the IN interneurons (Fig. 1B) (Aguiar et al. 2010) . A GABAergic connection between the local IN and EX interneurons represented indirect inhibition of the C-fiber input by A-fiber activity. In contrast to the Aguiar (2010) model, no GABAergic synapses were implemented in the C fiber-to-WDR connection, as direct inhibitory connections between C fibers and projection neurons are rare (Alvarez et al. 1993) . Inhibitory and excitatory synapses were not segregated, as immunohistochemical studies have shown that inhibitory and excitatory synapses are uniformly distributed across the soma and dendrites of dorsal horn neurons (Lekan and Carlton 1995) . Randomizing the locations of the A-fiber and C-fiber synaptic inputs onto the IN and WDR neurons as well as the synaptic connections Inputs and simulations. The inputs to the model spanned the appropriate conduction velocities across a population of A-fiber and C-fiber peripheral afferents, as temporal aspects of the input are critical to neuronal responses to stimulation (Herrero et al. 2000) . Peripheral afferent stimulation was implemented by generating recurring events at the A␤-, A␦-, and C-fiber inputs with arrival latencies determined according to published conduction velocities (A␤: 14 -30 m/s; A␦: 2.2-8 m/s; C: 0.6 -1.5 m/s) (Harper and Lawson 1985) assuming 100 mm between the site of stimulation and the dorsal horn network, as in previous studies (Herrero et al. 2000; Woolf and Wall 1982) . Increasing or decreasing the conduction distance between the peripheral source and the WDR neuron increased and decreased the latencies of the peripheral A and C fiber-evoked responses in the WDR neuron but did not affect responses to SCS. In addition, randomizing the location of the synaptic inputs along the dendrites of the neurons had only a small effect on the WDR neuron's firing rate during simulated primary afferent stimulation compared with all synapses placed on the middle segment of the dendrite of the receiving neuron.
The firing rate of the WDR neuron was the primary output of the model because WDR firing rate is correlated with the magnitude of pain following peripheral capsaicin injection (Simone et al. 1991) and because studies of SCS in healthy and neuropathic animal models use WDR neuron firing rate as a proxy for SCS efficacy (Foreman et al. 1976; Guan 2012; Linderoth et al. 2009 ). For model validation, the activity of the WDR neuron was compared to recordings from dorsal horn projection neurons during low-frequency (0.5-1 Hz) peripheral nerve electrical stimulation. For comparison with data in Foreman et. al. (1976) , we applied primary afferent spike trains with individual interspike intervals drawn from a homogeneous Poisson process such that spike rates along individual afferent fibers (A␤ mean ϭ 9 spikes/s, A␦ mean ϭ 9 spikes/s, C mean ϭ 2.5 spikes/s) had mean frequencies representative of peripheral afferent activity during steady-state natural "pinch" stimulation (Slugg et al. 2000) . SCS was simulated by applying a constant-frequency train of events through separate inputs representing dorsal column collaterals of the A␤ fibers. For simulations of SCS during neuropathic pain, we applied Poisson spike trains through peripheral afferents with means and variances consistent with those of spike trains recorded from dorsal root ganglia neurons and peripheral neuromas in rats with neuropathic pain (A␤ mean ϭ 2.2 spikes/s, A␦ mean ϭ 2.2 spikes/s, C mean ϭ 1.5 spikes/s) (Liu et al. 2000; Wall and Gutnick 1974) , and we set 30% of the A␤-and A␦-fiber inputs to exhibit bursting behavior (Kajander and Bennett 1992; Liu et al. 2000) . To represent inhibition during SCS due to activation of A␤ fibers from surrounding receptive fields, we implemented an additional IN interneuron, receiving a separate set of 15 A␤-fiber inputs, that was connected to the EX and WDR neurons via GABAergic synapses (Fig. 1B ) (Hillman and Wall 1969) . Throughout all SCS simulations, we accounted for the possibility of collisions between orthodromic and SCS-triggered antidromic action potentials along each A␤ fiber, using a script written in MATLAB (MathWorks, Natick, MA), and transmitted the net spike train to the network model (Iggo 1958) .
RESULTS
We implemented a computational network model of a dorsal horn circuit consisting of biophysical model neurons and realistic synaptic connections. We first demonstrate that the individual model neurons exhibit f-I relationships and electrophysiological responses comparable to published data. We then validate the network model by comparing activity of the model WDR neuron during peripheral stimulation to corresponding data from several experimental studies. Subsequently, we use the model to reveal that inhibition of WDR projection neuron activity by SCS requires inhibition from surrounding receptive fields and depends strongly on the stimulation frequency. Finally, we predict that reduced inhibition in the dorsal horn, whether due to loss of GABAergic mechanisms or loss of KCC2 function, attenuates the suppression of WDR activity by SCS and alters the relationship between SCS frequency and WDR neuron inhibition.
Cellular biophysics. We compared the activity of model neurons during constant current injection with published f-I data from dorsal horn neurons (Fig. 2) . The f-I relationships of the tonic EX, tonic IN, and WDR neurons (T ϭ 23°C) were all within experimental ranges derived from recordings of tonically firing neurons in the dorsal horn at 23°C (Melnick et al. 2004b; Ruscheweyh and Sandkühler 2002) . The IN interneuron exhibited slightly higher firing rates than experimental neurons at lower current stimulation amplitudes, and the firing threshold of the EX interneuron (25 pA) was slightly larger than that of experimental neurons ( Fig. 2A) . At all amplitudes of current injection, the IN and tonic EX neurons exhibited constant-frequency tonic firing (Fig. 2, B and C) , and the IN interneuron exhibited spike amplitude accommodation at higher amplitudes of stimulation, consistent with experimental data. Consistent with experimental traces, the delayed-firing neuron exhibited delayed spikes at relatively high (Ͼ175 pA) amplitudes of current injection and transitioned to slow tonic firing with an initial period of interspike interval facilitation at even higher amplitudes of current injection (Fig. 2D) . The transient EX interneuron exhibited an initial burst of action potentials that fell within the range of experimentally observed spike counts followed by adaptation (Fig. 2E) . Finally, similar to isolated rat deep dorsal horn neurons, the model WDR projection neuron generally exhibited tonic behavior but continued to discharge action potentials after the cessation of current injection if held at a membrane potential more depolarized than Ϫ65 mV due to persistent Na ϩ and Ca 2ϩ currents vital to wind-up during repetitive afferent stimulation (Fig. 2F ) (Aguiar et al. 2010; Nagy 1999, 2000) .
Network response. We simulated 1-Hz stimulation of peripheral afferents, and the activity of the model WDR neuron was compared to representative cases or ranges from previous experimental studies (Foreman et al. 1976; Herrero et al. 2000; Schouenborg and Sjolund 1983; Woolf and King 1987; Woolf and Wall 1982) . These simulations did not include representations of surround inhibition, as C-fiber threshold stimulation of afferents from surrounding receptive fields, as conducted in the corresponding experiments, causes excitation that overrides surround inhibition (Hillman and Wall 1969; Kato et al. 2011; Menetrey et al. 1977) . The model WDR neuron exhibited wind-up characterized by a response to C-fiber stimulation that potentiated with each stimulus; consistent with experimental data, the A fiber-evoked response did not potentiate (Fig. 3A ) (Herrero et al. 2000) . Both the cumulative number of spikes and the distinct A and C fiber-evoked responses of the WDR neuron during 15 s of stimulation fell within experimental ranges (Fig. 3 , B and C) (Schouenborg and Sjolund 1983; Woolf and King 1987) . Although the initial C fiber-evoked response of the model WDR neuron exhibited more spikes than experimental responses (Handwerker et al. 1987; Woolf and King 1987) , the ratio of the number of spikes fired by the WDR neuron after the last stimulus to the number of spikes fired after the first stimulus (253%) was consistent with prior studies (Aguiar et al. 2010) .
We assessed the sensitivity of the WDR response to peripheral afferent stimulation to the strengths of the A-fiber inputs onto the IN interneuron, inhibitory connections within the model, and biophysics of the EX interneuron. The magnitude of the A-fiber response and the degree of wind-up to C-fiber stimulation were sensitive to the strength of direct inhibition between the IN and WDR neurons (Fig. 4) . Halving the strength of the A␤-fiber inputs onto the IN neuron increased the A fiber-evoked response in the WDR neuron by 1 spike initially and 3 spikes after 15 s of wind-up, increased the C fiber-evoked response by 1 spike initially and 8 spikes after 15 s, and increased the degree of wind-up due to a 1-Hz stimulus after 15 s from 230% to 271% of the initial response (Fig. 4A) . Halving the strength of the GABAa synapse from the IN to the WDR neuron increased the A fiber-evoked response by 1 spike initially and 3 spikes after 15 s, increased the C fiber-evoked response by 1 spike initially and 6 spikes after 15 s, and increased the degree of wind-up to 257% of the initial response after 15 s. Doubling the strength of the IN-to-WDR GABAa synapse reduced the A fiber-evoked response by 3 spikes initially and after 15 s of stimulation and reduced the degree of wind-up by the WDR neuron to 200%. However, doubling the strength of the A fiber-to-IN synapse had only minor effects on the response, as this did not cause the IN neuron to fire more action potentials than in the default case (Fig. 4B) . Furthermore, replacing the tonic EX interneuron with transient-and delayed-firing EX interneurons did not affect the A fiberevoked response in the model WDR neuron but completely eliminated the C fiber-evoked response, as the transient-and delayed-firing EX interneurons were considerably less excitable by peripheral afferent stimulation than the tonic EX interneuron.
Some WDR neurons in the dorsal horn are inhibited by stimulation of A-fiber afferents, and this inhibition typically follows a brief period of A fiber-mediated excitation (Duggan and Foong 1985; Foreman et al. 1976; Hillman and Wall 1969) , suggesting a polysynaptic relay between A-fiber afferents and the WDR neuron. We delivered paired-pulse stimulation to model afferents at 0.5 Hz for 160 s: within each pair, the first pulse activated A␤-, A␦-, and C-fiber afferents and the second pulse activated only A␤-and A␦-fiber afferents (Fig. 5A) . During the stimulus train, the delay between the C-fiber threshold and A-fiber threshold stimuli was decreased from 150 ms to 100 ms in 10-ms increments and from 100 ms to 20 ms in 20-ms Schouenborg and Sjolund (1983) and Woolf and King (1987) . The dashed line indicates what the spike count would be if wind-up did not occur. C: spike counts from A fiber-and C fiber-evoked model responses from each individual stimulus over time and experimental ranges from Schouenborg and Sjolund (1983) . In C, both A␤ and A␦ fiber-evoked spikes were counted as part of the A fiber-evoked response.
increments. Consistent with experimental data (Woolf and Wall 1982) , if the second pulse was delivered 25 ms or later before the arrival of the C-fiber volley from the first pulse, then the second pulse generated a period of brief excitation followed by period of "strong" inhibition (Fig. 5B) . In addition, reducing only the strength of the GABAergic synapse between the IN and WDR neurons by 50% reproduced "weak" inhibition (Woolf and Wall 1982 ) of the C fiber-evoked response by A-fiber threshold stimulation (Fig. 5C) .
Spinal cord stimulation: surround receptive fields. We applied primary afferent inputs with statistical characteristics consistent with A-and C-fiber activity recorded during "pinch" stimulation (Slugg et al. 2000) while delivering 1-Hz SCS to dorsal column collaterals of A␤-fiber afferents. We quantified the baseline activity of the model WDR neuron in response to the afferent input as well as the magnitude and duration of inhibition following SCS. First, we applied SCS only to the A␤ afferent collaterals emerging from the local receptive field (Fig. 6, A and B) , consistent with the gate control theory mechanism of SCS. Stimulation of local receptive fields alone did not replicate experimentally observed inhibition due to SCS. In contrast to experimental neurons, the model WDR neuron was suppressed to 47% of baseline, maximum inhibition occurred 20 ms after the SCS pulse, and inhibition lasted for only 50 ms (Fig. 6C) . We attempted to correct these discrepancies by altering the strengths of the inputs to the IN neuron, the connection between the IN and WDR neuron, and the connection between the IN and EX neuron. Doubling the strengths of the inputs to the IN neuron or the synapse between the IN and WDR neurons caused the WDR neuron to be completely inhibited by SCS and extended the duration of inhibition to 70 ms and 60 ms, respectively. However, these changes also reduced the average spontaneous activity of the model WDR neuron to far lower rates than observed experimentally (Fig. 6 , E and F) (Foreman et al. 1976) . Altering the connection from the IN to the EX interneuron had only a small effect on the firing of the model WDR neuron.
Since local receptive field inhibition alone could not reproduce the SCS-mediated inhibition observed experimentally, we introduced inhibition from surround receptive fields and replicated the experiment by delivering SCS through A␤-fiber collaterals from both local and surround receptive fields (Fig. 7) . A␤-fiber inputs from local receptive fields synapsed onto both the local IN and WDR neurons in the model, while A␤-fiber inputs from surrounding receptive fields synapsed onto a distinct IN neuron that, in turn, formed an inhibitory synapse with the local EX and WDR neurons (i.e., a "center surround" scheme; Fig. 7, A and B) . The sole addition of the inputs from the surround IN neuron allowed the model to reproduce both the absolute and relative (vs. baseline activity) inhibition by SCS as well as the time course of the inhibition following the SCS pulse (Fig. 7C ) without affecting the spontaneous activity of the WDR neuron during pinch (Foreman et al. 1976) .
Dorsal horn projection neurons exhibit a wide range of responses to SCS, ranging from transient, incomplete inhibition to complete inhibition that lasts for Ͼ70 ms (Foreman et al. 1976) . We hypothesized that the strength of direct and indirect inhibition of the WDR neuron from local interneurons as well as the extent of surround inhibition of the WDR neuron were responsible for this variation (Fig. 8) . We weakened and strengthened the inputs by 50% to both the local and surround IN neurons, the strength of the GABAergic synapse between the local and surround IN neurons and the WDR neuron, and the strength of the GABAergic synapse between the IN neurons and the local EX neuron. Although a range of responses could be produced by altering any of these connections, altering the strength of the inputs to both the local and surround IN neurons had the greatest effect on the response of the WDR neuron to SCS (Fig. 8) . Weakening the inputs to the IN neuron prevented the complete inhibition of the model WDR neuron, reduced the maximal degree of inhibition to 6% of baseline, and reduced the time required for the neuron to return to baseline by 20 ms (Fig. 8, B and E) . Strengthening the inputs to the IN neurons prevented the model WDR neuron from either returning to baseline activity within 100 ms or exhibiting a postinhibitory rebound (Fig. 8, B and E) . In contrast, altering the connections from the IN to EX neurons had a small effect on the response of the model WDR neuron to simulated SCS (Fig. 8, C and F) .
Spinal cord stimulation: frequency dependence. We predicted that the interaction between convergent excitatory and inhibitory inputs onto the WDR neuron underlies the commonly used clinical frequency range of 50 -80 Hz. To test this hypothesis, we delivered a random spike train, with firing statistics consistent with a peripheral neuroma (Liu et al. 2000) , to all C-fiber inputs and all local A␤-and A␦-fiber inputs while also delivering SCS through the local and surround dorsal column inputs. The effects of SCS on WDR neuron activity were strongly dependent on SCS frequency but not monotonic in nature (Fig. 9) . At SCS frequencies below 30 Hz, intervals between bursts of interneuron activity were sufficiently long such that inhibitory postsynaptic potentials (IPSPs) decayed before the next A␤-fiber collateral activation from SCS excited the WDR neurons. This excitation, combined with ongoing excitation from peripheral afferent inputs, resulted in irregular, bursting activity in the WDR neuron (Fig. 9B) . At SCS frequencies between 30 Hz and 100 Hz, A␤-fiber stimulation caused tonic activation of the IN interneurons and thereby persistent inhibition of the WDR neuron (Fig. 9C) . However, the firing rate of the interneuron did not increase linearly with the frequency of SCS, and at SCS frequencies above 100 Hz the interneuronmediated inhibition of the WDR neuron saturated. As a result, A␤-fiber excitation of the WDR neuron due to SCS overcame maximal tonic inhibition from the IN interneurons, resulting in an increase in WDR firing rate at SCS frequencies Ͼ100 Hz (Fig. 9D) . Replacing the tonic EX neuron with a transient-or delayed-firing EX neuron reduced baseline activity in the WDR neuron from 68 spikes/s to 55 spikes/s and 46 spikes/s, respectively, but neither change affected the relationship between WDR firing rate and SCS frequency, as the reduced excitability of the EX interneuron lessened its influence on the WDR neuron.
Spinal cord stimulation: loss of GABAergic inhibition. The efficacy of SCS decreases over time with the progression of neuropathic pain (Kumar et al. 2007; Taylor et al. 2013) . We reduced the strength of the local and surround GABAergic inhibition in the model to simulate the loss of inhibition that occurs after an initial injury and during the progression of neuropathic pain (Fig. 10) (Campbell and Meyer 2006; Costigan et al. 2009; Woolf and Wall 1982) . Altering the strengths of the connections within the network affected the spontaneous activity of the WDR neuron, so we show both the raw firing rate of the WDR neuron and the activity of the WDR neuron normalized to activity when no SCS was applied. The activity of the WDR neuron during SCS was either maintained or increased by all reductions in GABAergic inhibition (Fig. 10) . The greatest changes in the relationship between WDR neuron activity and SCS frequency occurred when the strength of the GABAergic synapse between the IN and the WDR neurons was attenuated and when both the local and surround inhibitory inputs were weakened. When only the synapse from the local IN neuron was weakened, SCS failed to inhibit the WDR neuron at frequencies Ͼ 80 Hz (Fig. 10, B and C) . However, when the IN-to-WDR synapses from both the local and surround IN neurons were weakened by 50%, SCS no longer fully inhibited the WDR neuron and the maximum frequency at which SCS had a net inhibitory effect on WDR activity was reduced from 140 Hz to 75 Hz. In addition, the frequencies of SCS that produced the greatest inhibition of the WDR neuron decreased from 40 -80 Hz to 20 Hz (Fig. 10C) . Reducing the (Woolf and Wall 1982) . A: a 0.5-Hz stimulus at C-fiber threshold followed at 20 -150 ms by A␦-fiber threshold pulses was applied to the model. Inputs from primary afferents propagate from left to right in the figure. B and C are raster plots of the output of the model during the simulation shown in A in the default model state ("strong" inhibition; B) and when the local IN-to-WDR neuron synapse strength is reduced by 50% ("weak" inhibition; C). strength of the A␤ inputs to the local and surround IN neurons prevented SCS from fully inhibiting the WDR neuron, although SCS inhibited WDR neuron activity with SCS frequencies of 40 -85 Hz under this condition (Fig. 10C) . Reducing GABAergic inhibition of the EX interneuron had a negligible effect on SCS frequency dependence, as C-fiber afferent inputs could fire maximally at 2 Hz and were thus overridden by A-fiber activity. (Slugg et al. 2000) . Dorsal column stimulation is applied to collaterals from "local" A␤-fiber inputs. C: time course of SCS-induced inhibition in model (black) and experimental (gray) neurons from Foreman et. al. (1976) normalized to the baseline activity of the neuron prior to the SCS pulse and peristimulus time histogram (PSTH) generated from 25 trials of simulated single-pulse dorsal column stimulation during an ongoing peripheral input depict inhibition following SCS. To be consistent with the experiment, the histogram block at 100 ms includes 25 counts representing detection of the stimulus artifact as a spike. D-F: network representation (D) and effects of altering the strength of the A-fiber inputs to the IN neuron (E) and the strength of the synapse between the IN and WDR neurons (F) juxtaposed with 4 representative responses from Foreman et al. (1976) as well as PSTHs from halving and doubling each connection. Fig. 7 . The model could reproduce WDR neuron responses to 1-Hz dorsal column stimulation when both local and surround inhibition were included. A and B: schematic (A) and network representation (B) of the simulation. Local primary afferent inputs receive spike trains with statistical properties reported from spike trains recorded from primary afferents during "pinch" stimulation (Slugg et al. 2000) . Dorsal column stimulation is applied to collaterals from both "local" and "surround" A␤-fiber inputs. C: time course of SCS-induced depression in model (black) and experimental (gray) neurons from Foreman et al. (1976) normalized to the baseline activity of the neuron prior to the SCS pulse and PSTH generated from 25 trials of simulated single-pulse dorsal column stimulation during an ongoing peripheral input depict inhibition following SCS. To be consistent with the experiment, the histogram block at 100 ms includes 25 counts representing detection of the stimulus artifact as a spike.
The loss of function of the KCC2 Cl Ϫ transporter and the resulting depolarizing shift in anionic reversal potentials contributes to the loss of GABAergic inhibition in dorsal horn neurons and has been implicated as an important mechanism in the generation and maintenance of neuropathic pain (Coull et al. 2003 (Coull et al. , 2005 . To simulate this process, we shifted the reversal potential of the GABAergic and glycinergic synapses on the EX and WDR neurons in the model from Ϫ70 mV to Ϫ54 mV (Boulenguez et al. 2010; Coull et al. 2003) in 4-mV increments, while maintaining the original synaptic conductances, and we quantified the effect on the relationship between SCS frequency and WDR activity (Fig. 11A) . Shifting the GABAergic and glycinergic receptor reversal potentials had a substantial effect both on the baseline activity of the WDR neuron prior to SCS (Fig. 11B ) and on the inhibition of the WDR neuron by SCS (Fig. 11C ). An initial depolarizing shift of only 4 mV increased spontaneous activity by 11%, prevented full inhibition of the WDR by SCS, and reduced the maximum frequency at which SCS had an inhibitory effect from 140 Hz to 85 Hz. Further shifts of 4 mV and 8 mV in the anionic reversal potential increased baseline activity by 26% and 45%, reduced SCS-generated inhibition of the WDR neuron between 40 Hz and 85 Hz, and shifted the SCS frequency at which maximum inhibition occurred from 60 Hz to 20 Hz. The final depolarizing shift to Ϫ54 mV prevented SCS from inhibiting the WDR neuron by Ͼ22% at any frequency tested (Fig. 11C) . No appreciable differences in WDR baseline activity or the effects of SCS were observed between shifting the anionic reversal potential in both the WDR and EX neurons and shifting the anionic reversal potential only in the WDR neuron (Fig. 11C) ; shifting the anionic reversal potential in only the EX neuron produced negligible changes in the behavior of the WDR neuron.
DISCUSSION
The objectives of this study were to quantify the response of dorsal horn WDR neurons to peripheral afferent activity and SCS and to characterize how these relationships changed with varying levels of synaptic inhibition. We developed a biophysically based network model of the dorsal horn that reproduced key nonlinear behaviors associated with pain, including wind-up and A fiber-mediated inhibition (Herrero et al. 2000; Mendell and Wall 1965; Woolf and Wall 1982) . Using the validated model, we found that suppression of WDR projection neuron activity was strongly dependent on the frequency of SCS as well as the properties of local and surround dorsal horn inhibition, which change during the progression of neuropathic pain.
Network model: excitatory-inhibitory balance. The ability of the model to reproduce both excitatory and inhibitory phenomena using a single parameterization supports the network described by the gate control theory. The responses of deep dorsal horn projection neurons to several types of electrical and natural stimuli showed that wind-up and A fiber-mediated inhibition may exist in tandem, as depicted in the model (Hillman and Wall 1969; Mendell 1966; Price et al. 1971 ). In addition, intracellular recordings from dorsal horn neurons during sural nerve stimulation indicated that some neurons that wind up also exhibit IPSPs immediately following an excitatory A-fiber response (Price et al. 1971) , and this finding is consistent with an excitatory postsynaptic potential (EPSP)-IPSP sequence following dorsal column stimulation (Baba et al. 1994; Foreman et al. 1976 ). This pattern of excitation followed by inhibition in dorsal horn neurons was replicated in experiments that measured the responses in unidentified dorsal horn neurons evoked by A-and C-fiber threshold stimulation (Woolf and King 1987; Woolf and Wall 1982) . Finally, the dendrites of dorsal horn neurons receive both glutamatergic and GABAergic boutons (Alvarez et al. 1993; Carlton et al. 1992; Todd 2010) , and these synapses appear to be distributed uniformly across the dendrites (Lekan and Carlton 1995) . Taken together, these studies support the convergence of excitation and inhibition onto the model WDR neuron, and no prior computational model has reproduced this wide range of both excitatory and inhibitory phenomena.
Differences in firing behavior between interneurons may contribute to the balance between the inhibitory influence of A-fiber afferent inputs and the excitatory influence of C-fiber afferent inputs (Ratté et al. 2013) , and a diversity of firing behaviors including phasic, delayed firing, and transient firing patterns have been observed in dorsal horn neurons (Ruscheweyh and Sandkühler 2002; Yasaka et al. 2010 ). Of particular relevance to our model, IN interneurons appear to exhibit predominantly tonic firing while EX interneurons appear to exhibit predominantly phasic or delayed firing behavior (Yasaka et al. 2010) , although tonically firing EX interneurons have also Fig. 10 . Reducing the influence of both the local and surround GABAergic interneurons on the response of the model alters SCS frequency-dependent WDR neuron behavior. A: network representation of the changes to the local (magenta) and surround (red) inhibitory receptive field representations. B and C: raw (B) and normalized to baseline (C) response of the WDR neuron to SCS following a 50% reduction of the input to the IN neurons, a 50% reduction in the inhibition from the IN neurons to the EX neuron, or a 50% reduction of inhibition from the IN neurons to the WDR neuron. The gray region encompasses the range of responses when all 3 changes were implemented simultaneously. Increases in the intrinsic spontaneous activity of the WDR neuron when SCS was off resulted in the apparent reduction of normalized responses in some cases, as in C.
been reported (Santos et al. 2007) . In contrast to the model incorporating the tonic EX interneuron, models including the transient-or delayed-firing EX interneuron showed no C fiberevoked response in the WDR neuron during 1-Hz peripheral afferent stimulation, as decreased Na ϩ conductances in both neurons and the I KA conductance needed to generate delayed firing reduced the overall excitability of the EX interneuron (Todd 2010; Yasaka et al. 2010) ; however, altering the properties of the EX interneuron did not affect the response of the WDR neuron to SCS. These observations indicate that while the firing properties of EX interneurons and IN interneurons are critical to processing of primary afferent inputs during natural stimuli, the spinal segmental effects of SCS on WDR neurons are primarily due to direct A fiber-mediated mechanisms. However, phasic or delayed-firing interneurons may connect to other interneurons or lamina I projection neurons not depicted in our model or to circuits for receptive fields beyond those affected directly by pain, and they may serve additional roles through these connections (Lu and Perl 2005; Zheng et al. 2010 ).
The interaction between excitatory primary afferent inputs and GABAergic inputs also explains neuronal responses to SCS. SCS generates both excitation and inhibition within a few milliseconds of the stimulus (Dubuisson 1989; Foreman et al. 1976) , and the administration of bicuculline, a GABA a receptor antagonist, eliminated the inhibitory effects of SCS and enhanced SCS-mediated excitation (Duggan and Foong 1985) . The reduction in the extent and duration of inhibition evoked in the model WDR neuron by single pulses of SCS after weakening of the GABAergic synapses onto the WDR neuron mirrored these findings. Furthermore, changing the weights of the GABAergic synapses onto the WDR neuron produced a range of responses to single pulses of SCS that paralleled those seen in experiments (Foreman et al. 1976 ). This finding suggests that the ratio of excitatory inputs to inhibitory inputs varies across different dorsal horn neurons, and the aggregate output from different dorsal horn circuits governs the pain response (Prescott and Ratté 2012) . In contrast, changing the strength of the GABAergic connection between the IN and EX interneurons did not affect the activity of the WDR neuron Fig. 11 . Implementing a depolarizing shift of anionic reversal potentials as would occur during the loss of KCC2 function alters SCS frequency-dependent WDR neuron behavior. A: anionic reversal potential (E rev ) was shifted for all inhibitory synapses onto the EX and WDR neurons. B: average firing rate of the WDR neuron as a function of the anionic reversal potential when only the WDR neuron is affected and when both the EX and WDR neurons are affected. Changing the reversal potential of only the EX interneuron produced negligible changes in the activity of the WDR neuron. C: normalized to baseline response of the WDR neuron at different anionic reversal potentials when only the WDR neuron is affected (left) and when both the WDR and EX neurons are affected (right). Increases in the intrinsic spontaneous activity of the neuron when SCS was off resulted in the apparent reduction of the normalized responses at some frequencies of SCS.
during SCS, suggesting that direct monosynaptic inhibition rather than indirect inhibition drives SCS-mediated suppression of WDR neuron activity.
The model further predicted that GABAergic inhibition underlies the relationship between SCS-mediated inhibition of the WDR neuron and SCS frequency. Decreasing the weight of the synapses on the IN neuron or from the IN to the WDR neuron, intended to represent reductions in the level of dorsal horn GABA and a shift from GABAergic to glycinergic inhibition after peripheral nerve injury (Moore et al. 2002) , underscores the importance of direct GABAergic inhibition to the efficacy of SCS . The additional decline in SCS-mediated inhibition of WDR neuron activity when both local and surround inhibition were weakened suggests that more widespread loss of GABAergic inhibition beyond the point of injury contributes to the development and maintenance of chronic pain (Campbell and Meyer 2006; Costigan et al. 2009; Moore et al. 2002) and may contribute to the diminished efficacy of SCS over time (Kumar et al. 2007 ). The altered dependence of WDR neuron inhibition on SCS frequency in the modeled disease state also suggests that stimulation parameters that produce optimal pain relief may be different at different stages of neuropathic pain progression. In contrast, altering the properties of the inhibition between the IN and EX neurons did not affect the relationship between the frequency of SCS and WDR firing rate, because the frequency of C-fiber primary afferent inputs onto the interneurons (mean ϭ 2.3 spikes/s) is substantially lower than clinical frequencies of SCS (30 -80 Hz). As a result, A fiber-mediated inhibition at lower frequencies of SCS and A fiber-mediated excitation of the WDR neuron override C fiber-mediated effects on the EX interneuron and the WDR neuron at higher frequencies of SCS.
Finally, the model predicted that the loss of GABAergic and glycinergic inhibition due to disruption of KCC2 transporter activity reduces SCS efficacy in a manner dependent on the extent of the resulting shift in the anionic reversal potential. The shifts in the anion reversal potential increased WDR neuron responses to peripheral activity and SCS similarly to those following loss of GABA in the dorsal horn, suggesting that these changes may occur concurrently during the progression of neuropathic pain. Supporting this prediction are the observations that blockade of GABAa receptors with bicuculline and antagonist block of KCC2 similarly and independently reduced response thresholds in rat dorsal horn projection neurons (Keller et al. 2007; Lavertu et al. 2014) . Furthermore, the model predicts that the loss of KCC2 must occur on projection neurons to have an influence on SCS efficacy, as depolarizing the anion reversal potential on the EX interneuron produced negligible changes in the relationship between WDR activity and SCS frequency. These findings may explain why levels of KCC2 expression do not necessarily correlate with SCS-mediated restoration of paw withdrawal thresholds in neuropathic rats, particularly if reductions in KCC2 expression following injury occur primarily on interneurons (Janssen et al. 2012) .
SCS: surrounding receptive fields. Although tactile or electrical stimulation of surround receptive fields inhibits dorsal horn neurons (Hillman and Wall 1969; Menetrey et al. 1977) , few studies have considered the contributions of surrounding receptive field activation to the efficacy of SCS. Early studies demonstrated that SCS produced inhibition in dorsal horn neurons similar to that produced by stimulation of a peripheral nerve from receptive fields that did not make excitatory connections with that same neuron (Foreman et al. 1976; Hillman and Wall 1969) . Furthermore, receptive fields of dorsal horn neurons expand after some types of neurological injuries, and the administration of intrathecal bicuculline reproduces pathological receptive field expansion, strongly suggesting that the loss of surround inhibition contributes to the progression of neuropathic pain (Drew et al. 2004 ). Finally, recent anatomical studies revealed GABAergic connections between dorsal horn neurons that may extend across several spinal segments (Szucs et al. 2013; Todd 2010) , suggesting that inhibition from surround receptive fields could indeed contribute to inhibition of WDR projection neurons by SCS. These data, coupled with our finding that inhibition due to SCS could be reproduced without affecting the spontaneous activity of the neuron only by including inhibition arising from surrounding receptive fields, support the hypothesis that activation of dorsal column fibers from receptive fields surrounding the source of pain is necessary for SCS-mediated pain relief.
Model limitations. Although the model reproduced cellular and network properties and key behaviors related to pain, several limitations must be considered. Our model does not account for the full range of projection neuron responses to peripheral stimulation or to all modes of SCS. For example, our model WDR neuron exhibited slight deviations in response to peripheral stimulation, such as a stronger initial C volley at the onset of 1-Hz stimulation than experimentally observed, and the lower experimental bound of the C-fiber response could not be attained even when the strength of the IN-WDR GABA synapse was doubled. Furthermore, the characteristics of A and C fiber-evoked responses vary across neurons; both the number of spikes in the C volley and the percent increase in the C-fiber responses over the course of 1-Hz stimulation vary across studies (Herrero et al. 2000; Mendell 1966; Schouenborg and Sjolund 1983; Woolf and King 1987) . In addition, neurons exhibit varying degrees of inhibition following A-fiber stimulation, and the properties of A-fiber inhibition change during the progression of neuropathic pain state (Woolf and Wall 1982) . We did not consider the effects of kilohertz-frequency SCS, which may provide pain relief by blocking the conduction of action potentials along primary afferents or ascending projections rather than through modulation of projection neuron activity (Shechter et al. 2013) , but the mechanisms underlying kilohertz-frequency SCS have not been studied in sufficient detail to include in our model. Finally, some dorsal horn neurons exhibit wind-down-successively decreasing activity during repetitive peripheral stimulation-a phenomenon that is not accounted for by our model and whose specific mechanisms remain unclear (Mendell 1966; Woolf and King 1987) . Whether these discrepancies are due to neuron biophysics, network connectivity, or a combination of these two factors remains to be clarified.
As well, our implementation of the inputs to and outputs from our network were simplified. Although representative of the appropriate spectrum of conduction velocities across a population of A␤, A␦, and C fibers, all primary afferent inputs to the IN and WDR neurons were located at the same dendritic segment. In reality, excitatory and inhibitory synapses are distributed throughout the dendritic arbors of these neurons (Lekan and Carlton 1995; Polgar et al. 2010 ). However, randomizing the location of synaptic inputs from either the affer-ent inputs or the interneurons onto the WDR neurons did not appreciably affect the input-output characteristics of the network. Therefore, we placed all synapses onto the WDR neuron at the same location. Furthermore, the patterns of afferent inputs included constant low-frequency (0.5-1 Hz) peripheral stimulation and estimates of afferent activity during pinch (Slugg et al. 2000) and neuropathic pain (Wall and Gutnick 1974) , but our inputs were not representative of other natural noxious mechanical stimuli or thermal stimuli. However, few studies have quantified the inputs to the dorsal horn following natural peripheral stimulation (e.g., brush, press, pinch) or during neuropathic pain, and our inputs were sufficient for the generation of realistic activity in the model WDR projection neuron. Finally, the firing rate of the WDR neuron was the primary output of the network because activity of the WDR neuron correlates with the magnitude of pain following capsaicin injection and because prior studies used WDR activity as a proxy for SCS efficacy (Foreman et al. 1976; Guan 2012; Linderoth et al. 2009 ). However, our model does not take into account the activity of all types of projection neurons, such as low-threshold or nociceptive-specific neurons that receive sensory input and contribute to sensory coding (Blomqvist and Craig 2000) .
In particular, our model does not account for the role of superficial nociceptive-specific projection neurons that play an important role in the sensory encoding of mechanical pain (Blomqvist and Craig 2000) . These neurons respond specifically to A␦-and C-fiber threshold stimuli, are involved in the development of neuropathic pain, and serve as the output node for complex superficial dorsal horn sensory processing networks (Todd 2010) . Recent work has shown that polysynaptic excitatory pathways in lamina I terminate onto NK1-expressing lamina I projection neurons (Lu and Perl 2005; Zheng et al. 2010) , and these excitatory pathways affect the activity of NK1-expressing lamina I nociceptive-specific neurons during A-fiber stimulation in rat models of neuropathic pain (Baba et al. 2003) . In addition, administration of bicuculline and strychnine (Torsney and MacDermott 2006) and the induction of inflammatory pain (Torsney 2011 ) both unmask A␤ fiberevoked responses in NK1ϩ lamina I nociceptive-specific neurons in rodent models. Although our model predicted that EX interneurons do not play a significant role in modulating the effects of SCS on WDR neurons, disinhibition of superficial EX interneurons whose axons terminate onto superficial nociceptive neurons may contribute to the development of allodynia and other pathological pain behaviors. Furthermore, SCS is effective in treating allodynia in rat models of neuropathic pain, and relief of allodynia by SCS involves GABAergic mechanisms Stiller et al. 1996) , suggesting that the restoration of inhibition of these superficial excitatory pathways may be an additional mechanism by which SCS relieves pain. In addition, the paucity of monosynaptic inhibitory connections from A␤ fibers onto superficial neurons (Torsney 2011 ) combined with pathological disinhibition may help to explain why clinical SCS provides only 50 -70% pain relief (Taylor et al. 2013 ) despite experimental reports of total suppression of WDR neurons. However, modeling the superficial pathway is currently not feasible, as depictions of this pathway typically involve at least three relays between A␤ afferents and lamina I neurons (Torsney 2011; Torsney and MacDermott 2006) that may all in turn receive inhibitory inputs. Neither the specific properties of these neurons nor the properties of the relevant synaptic connections required to build such a model are well known. When data are available, the development and validation of a model of the superficial dorsal horn pathway may provide significant insight into pain processing as well as into the mechanisms underlying SCS.
Finally, we based our model connectivity on the gate control theory and similar simplified architectures of dorsal horn networks that account primarily for spinal segmental inhibitory mechanisms (Aguiar et al. 2010; Melzack and Wall 1965 ) and short-term monosynaptic responses to SCS. Segmental mechanisms are sufficient to explain suppression of WDR neuron activity during SCS (Foreman et al. 1976; Hillman and Wall 1969; Smits et al. 2012) , but modulation of neuronal responses from supraspinal centers also contributes to the response to SCS. For example, the rostroventromedial medulla receives ascending inputs (Lenz et al. 2010) , projects monosynaptically to the dorsal horn (Fields et al. 1995) , and directly affects the activity of dorsal horn projection neurons (Giesler et al. 1981 ). In addition, behavioral studies have implicated descending serotoninergic projections as contributors to pain relief during SCS, as intrathecal application of 5-HT 2 , 5-HT 3 , and 5-HT 4 agonists in neuropathic rats can enhance SCS-mediated increases in paw withdrawal thresholds (Song et al. 2011 ) even when the dorsal columns are lesioned (Barchini et al. 2012) . As well, neurons in the locus coeruleus exhibit more activity during SCS in neuropathic rats that show increased paw withdrawal thresholds than in nonresponding rats, suggesting that effective SCS requires supraspinal modulation (Song et al. 2013) . However, the extent of supraspinal contributions to SCS is unknown, as modulation of some supraspinal circuits, such as the endogenous -opioid pathway, does not affect SCS efficacy (Freeman et al. 1983) and knowledge of the roles of other supraspinal circuits in chronic pain and SCS, such as the serotoninergic pathways, is sparse (Heinricher et al. 2009 ).
ACKNOWLEDGMENTS
We acknowledge the Duke Shared Computing Resource for their assistance with our simulations.
GRANTS
This work was supported by a grant from Stryker Corporation.
DISCLOSURES
Funding for this work was provided by Stryker Corporation. J. J. Janik is an employee of Stryker Corporation and owns Stryker Corporation stock.
AUTHOR CONTRIBUTIONS
Author contributions: T.C.Z., J.J.J., and W.M.G. conception and design of research; T.C.Z. performed experiments; T.C.Z. analyzed data; T.C.Z., J.J.J., and W.M.G. interpreted results of experiments; T.C.Z. prepared figures; T.C.Z. drafted manuscript; T.C.Z., J.J.J., and W.M.G. edited and revised manuscript; T.C.Z., J.J.J., and W.M.G. approved final version of manuscript.
